Abstract -Deep brain stimulation (DBS) of the subthalamic nucleus reduces the severity of parkinsonian motor symptoms, but the therapeutic mechanisms are not understood. We hypothesize that clinically effective high frequency DBS suppresses disordered neuronal activity in the globus pallidus internus (GPi), a primary output structure of the basal ganglia. In a computational model of the basal ganglia thalamic circuit, periodic high frequency (>100Hz) stimulation of the subthalamic nucleus reduced the incidence of thalamic cell errors, from the high error rates seen in the parkinsonian case back to the low error rates seen in the normal-healthy case. In contrast, both low frequency (<70Hz) DBS and high frequency aperiodic DBS failed to alleviate thalamic errors. In high error rate conditions, disordered patterns of GPi activity lead to irregular synaptic inhibition of thalamus. In low error rate conditions, ordered patterns of GPi activity lead to regular synaptic inhibition of thalamus. Linear regression revealed that the variance of the GPi synaptic output accounted for 87-97% of the changes in thalamic error rate. In contrast, the average GPi synaptic output -a measure of total GPi activityaccounted for only 25-50% of the changes in thalamic error rate. Thus, while the firing rate of GPi cells may play some minor role, regularizing the pathological patterns of GPi activity is the mechanism by which DBS treats parkinsonian motor symptoms.
I. INTRODUCTION eep brain stimulation (DBS) of some basal ganglia regions can reduce tremor and hypokinetic symptoms in persons whose Parkinson's disease has become medically refractory. For DBS to be effective, the frequency of stimulation must exceed ~100 Hz. Furthermore, all clinically used DBS patterns are perfectly regular. For example, if DBS is presented at 100 Hz then consecutive DBS pulses are always and exactly 10 msec apart.
D
Despite broad and growing application, the mechanisms by which DBS attains symptom relief are not fully understood. Recent studies suggest that DBS increases the firing rate of fibers projecting from the site of stimulation [1] [2][3] [4] . In addition to firing rate changes however, parkinsonian symptoms may correlate with spike time variability or unique patterns of neuronal activity [5] [6] [7] [8] [9] . High frequency DBS may minimize parkinsonian motor symptoms by suppressing the pathological patterns of neuronal activity present in the parkinsonian basal ganglia.
To test the extent of DBS-induced pathological activity suppression, a computational model of the basal ganglia thalamic circuit was implemented with minor modifications from previously published versions [10] [11] . Parameter changes shifted the model between the normal-healthy and parkinsonian conditions. In the parkinsonian case, different patterns of DBS were presented to the subthalamic nucleus. Model thalamic neurons were tasked with converting an input pulse train into an output spike train. The thalamic error rate -the average number of mistakes made by one thalamic neuron in one second -was calculated as a surrogate for symptom severity.
The parkinsonian version of the model was presented with DBS patterns at a range of frequencies (7 to 150 Hz) and variabilities (0 to 60%). We hypothesized that DBS patterns would reduce (or not reduce) the thalamic error rate if they managed to regularize (or not regularize) output from the basal ganglia. In this study, the normal-healthy condition and the parkinsonian in response to high frequency periodic DBS conditions yielded highly regular basal ganglia output and low thalamic error rates. In contrast, the parkinsonian version of the model in response to either low frequency DBS or high frequency aperiodic DBS yielded highly irregular basal ganglia output and high thalamic error rates. Thus, clinically effective DBS improves thalamic relay fidelity by regularizing basal ganglia output.
II. COMPUTATIONAL METHODS
Computational implementations, experiments and analyses were performed on computers running various distributions of the GNU/Linux operating system (Free Software Foundation, Boston MA). All models and analysis code are available from the authors upon request.
A. Circuit Model Implementation
The computational model was modified from an existing model of the basal ganglia thalamic network [10] [11] . Briefly, the model was composed of 8 or 16 point neurons in each of the basal ganglia regions (subthalamic nucleus, STN; globus pallidus externus, GPe; globus pallidus internus, GPi) and in the pallidal receiving thalamus, TC. In the 3 basal ganglia regions, neuronal membrane potential (V) was set: . From each synaptic gating variable z, the current was found as: Isyn = Gsyn z (V -Vsyn).
B. Network Simulations
Two sets of computational experiments were performed: DBS-frequency and DBS-variability. The DBS-frequency set was simulated in the numerical computing environment, Matlab (The Mathworks Inc., Natick MA), and the DBSvariability set was run in the differential equation package XPP-AUT (http://www.math.pitt.edu/~bard/xpp/xpp.html). Simulations were run with the fourth order Runge-Kutta solver using a maximum time step of 10 or 50 μsec, with 8 or 16 neurons per region, in the DBS-frequency or DBSvariability sets, respectively. The only other model difference was the STN efferent synapse, described above.
The DBS-frequency set included a normal-healthy case, a parkinsonian case without DBS, and four parkinsonian cases with DBS at varying frequencies: 150 Hz, 70 Hz, 20 Hz and 7 Hz. Summary data were calculated from 300 sec of simulation time. The DBS-variability set included a normalhealthy case, a parkinsonian case without DBS, and four parkinsonian cases with 130 Hz DBS at different levels of variability: 0%, 10%, 30% and 60%. The variability measures quantify the standard deviation of the instantaneous frequency as a percentage of the mean. Each instantaneous frequency (i.e., the reciprocal of inter-pulse interval) was drawn from a gamma distribution with a mean of 130 Hz and standard deviations of 0, 13, 39 or 78 Hz for the 0%, 10%, 30% or 60% cases, respectively. Summary data were calculated from 150 sec of simulation time.
III. ANALYSIS & RESULTS

A. Responses to DBS of Different Frequencies
A computational model of the basal ganglia thalamic circuit was simulated under normal-healthy, parkinsonian, and parkinsonian with DBS conditions. Four different frequencies were applied to the subthalamic nucleus (STN) for the parkinsonian with DBS conditions. Thalamic (TC) neurons received the same train of excitatory input pulses in all conditions. Thalamic responses were characterized as correct if the TC cell spiked once within a 25 msec window following the input pulse, and incorrect if the TC cell spiked more than once or not at all. An error rate was calculated as the average number of incorrect responses per second across all TC neurons in each condition (Fig. 1a ). Errors were rare in the normal-healthy case, but became common in the parkinsonian case. High frequency DBS greatly reduced the error rate from the parkinsonian level, but low frequency DBS did not.
The logarithms of inter-spike intervals (ISIs) of all GPi cells were tabulated and converted into probability densities for each condition [12] . Probability densities from the asymptomatic conditions (Fig. 1b, left) were both narrower and more peaked, with higher peak probabilities, than densities from the symptomatic conditions (Fig. 1b, right) . In particular, the symptomatic cases included many long ISIs (>25 msec) that were nearly absent in the asymptomatic cases. The ISI entropy was calculated to quantify the changes in ISI distributions: H = -Σ Pk log2 Pk , where the ISI probability densities were converted into probability distributions with 50 ISI bins per decade, the sum was taken over all ISI bins and Pk is the probability associated with the k th bin. Note the similarities between the GPi cell entropy (Fig. 1c) and the thalamic error rate.
B. Responses to DBS of Different Variabilities
A computational model of the basal ganglia thalamic circuit was simulated under normal-healthy, parkinsonian, and parkinsonian with DBS conditions. High frequency DBS (130 Hz) patterns with 4 degrees of variability -0%, 10%, 30% and 60% -were applied to STN for the parkinsonian with DBS conditions. Thalamic neurons received the same train of excitatory input pulses in all conditions. Error rates were calculated as described above. Errors were rare in the normal-healthy case, but became common in the parkinsonian case (Fig. 2a) . Highly regular (periodic) DBS greatly reduced the error rate from the parkinsonian level, but irregular (aperiodic) DBS did not.
The probability densities of the logarithms of the GPi cell ISIs were found for each condition. Probability densities from the asymptomatic conditions (Fig. 2b, left) were both narrower and more peaked, with higher peak probabilities, than densities from the symptomatic conditions (Fig. 2b,  right) . In particular, the symptomatic cases included many long ISIs (>25 msec) that were nearly absent in the asymptomatic cases. The ISI entropy (Fig. 2c) paralleled the thalamic error rates.
C. Synaptic Variability
To examine the effects that the inhibitory GPi efferents had on thalamic errors in all conditions, the synaptic conductances were analyzed. The means and standard deviations of the GPi synaptic conductances inhibiting the TC neurons were found for the DBS-frequency and DBSvariability sets (Fig. 3a) . While the mean conductances varied only minimally between conditions, the standard deviation of the conductances varied greatly, tracking the changes in thalamic error rates.
A best linear fit was made to the conductance means and standard deviations as a function of the thalamic error rate (Fig. 3b) . The mean conductance (tracking the GPi firing rate) could only account for 25% of the error rate variance in the DBS-variability set. Furthermore, while frequency appeared to account for 50% of the thalamic error rate variance in the DBS-frequency set, the two outliers that constitute nearly all of the remaining variability are the normal-healthy and parkinsonian with the clinically used 150Hz DBS cases (Fig 3b, top-left) . Thus, the regression analysis fails most notably on two of the three data points that happen to be clinically relevant. In contrast, synaptic variance accounted for 87-97% of thalamic error rate. IV. DISCUSSION Deep brain stimulation (DBS) of the subthalamic nucleus (STN) has become a common therapy to treat the motor symptoms of parkinsonism, but the mechanisms remain elusive. Symptoms may follow from pathological neuronal activity in the basal ganglia [13] [14] [15] . We used a computational model of the relevant neural structures to test the hypothesis that clinically used DBS alleviates motor symptoms by regularizing the pathological synaptic activity of the basal ganglia output structure, the globus pallidus internus (GPi). Using thalamic error rate as a surrogate for symptom severity, we showed that both low frequency DBS and high frequency aperiodic DBS did not regularize GPi synaptic activity, and did not improve thalamic error rate. In contrast, periodic high frequency DBS did regularize GPi activity and did improve thalamic error rates.
These results are supported by experimental results which found that GPi firing rates changes in the parkinsonian condition and in response to DBS were small in comparison with changes in regularity and bursting activity [3] [5] [6] [7] [9][13] [16] . In a related study, model thalamic neurons experienced decreased or increased fidelity in response to parkinsonian firing patterns or DBS-induced firing patterns, respectively [17] .
The present results demonstrate that low frequency DBS and high frequency aperiodic DBS both fail to alleviate symptoms in the same way: they do not improve thalamic error rates because they do not regularize GPi neuronal activity. Thus, the periodicity of clinically used DBS is crucial for its success. Furthermore, low frequency DBS fails because it drives the GPi cells to slowly to force regular activity. Indeed, all conditions that had no GPi ISIs over ~25 msec had much lower entropies and error rates (Figs. 1 & 2) . Thus, while the average firing rate may be of little importance, keeping the longest GPi ISIs below some maximum may be secret to DBS effectiveness.
Finally, while some motor symptoms of parkinsonism are well treated by periodic high frequency DBS in some persons, the therapy does not work for all individuals and other symptoms persist. The ideal DBS may be one that, rather than forcing regular GPi activity, restores GPi activity to the healthy condition (e.g., Figs 1b & 2b, top-left). We will continue to search for these optimal DBS patterns.
